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Purpose. While some evidence suggests an essential role for the chaperonin containing t-
complex protein 1 (CCT) in ciliogenesis, this function remains poorly understood
mechanistically. We used transgenic mice, previously generated in our lab, and characterized
by a genetically-induced suppression of CCT in rod photoreceptors as well as a malformation
of the rod sensory cilia, the outer segments, to gain new insights into this underlying
molecular mechanism.

MerHops. The CCT activity in rod photoreceptors of mice was suppressed by overexpressing
the chaperonin inhibitor, phosducin-like protein short, and the ensuing changes of cellular
morphology were analyzed by light and electron microscopy. Protein expression levels were
studied by fluorescent microscopy and Western blotting.

Resurts. Suppressing the chaperonin made the photoreceptors incompetent to build their
outer segments. Specifically, the CCT-deficient rods appeared unable to expand the outer
segment plasma membrane, and accommodate growth of this compartment. Seeking the
molecular mechanisms underlying such a shortcoming, we found that the affected rods could
not express normal levels of Bardet-Biedl Syndrome (BBS) proteins 2, 5, and 7 and, owing to
that deficiency, were unable to assemble the BBSome, a multisubunit complex responsible for
ciliary trafficking. A similar effect in response to the chaperonin suppression was also
observed in cultured ciliated cells.

Concrusions. Our data provide new evidence indicating the essential role of the chaperonin
CCT in the biogenesis of vertebrate photoreceptor sensory cilia, and suggest that it may be
due to the direct participation of the chaperonin in the posttranslational processing of
selected BBS proteins and assembly of the BBSome.
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he chaperonin containing t-complex protein 1, CCT (also

known as TRiC), is a large ATPase complex found in all
eukaryotic cells, which mediates the folding of newly
translated proteins in its inner cavity.!:> However, the list
of identified chaperonin substrates is incomplete, and all
known CCT clients are soluble proteins of a wide range of
structures and functions.>° In the cell, the most abundant
clients of CCT are represented by cytoskeletal proteins from
the actin and tubulin families.”~!'! Therefore, several studies
using the ciliate Tetrabymena, which pioneered the notion
of the essential role of the chaperonin in cilium biogenesis,
attributed its role primarily to cytoskeleton maintenance in
in vivo roles of CCT in
vertebrates, particularly at the organism level, are not well
understood. When its function was revisited in a vertebrate
zebrafish model, it was demonstrated that knockdown of the
chaperonin subunits disrupts trafficking through the cili-
um.!'” The same study also revealed a functional connection
between CCT and the BBSome, a complex thought to control
trafficking of molecules into the cilium.'®-2° In humans,
mutations in certain genes give rise to an autosomal
recessive ciliopathy, known as Bardet-Biedl syndrome (BBS),
characterized, among many other abnormalities, by the
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this organelle. However,

development of rod-cone dystrophy.?1?? Seven of those
genes (BBS 1, 2, 4, 5, 7, 8 and 9) encode BBSome
subunits, 823 while the other three (BBS 6, 10, and 12) are
chaperonin homologues mediating BBSome assembly.!7-24-26
Thus, the rod-cone dystrophy in Bardet-Biedl syndrome
patients appears to be a consequence of defective trafficking
through the sensory cilia of the photoreceptor cells with the
affected BBSome, a common culprit of various types of
retinal neurodegeneration.?” To further explore the role of
CCT in the assembly of the BBSome and ciliogenesis in
vertebrate photoreceptors, we inhibited the activity of CCT
in mouse rods in vivo. This manipulation completely
disrupted the formation of the rod outer segments. This
defect was preceded by a profound reduction in the levels of
BBS2, BBS5, and BBS7 proteins that interfered with the
normal assembly of the BBSome in these cells. Failure of BBS
assembly as a result of suppression of the chaperonin was
then demonstrated in cell culture. These data provide new
evidence of the role of the chaperonin CCT in the biogenesis
of the BBSome, and emphasize the importance of this
complex in the development and maintenance of the rod
outer segment.
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MATERIALS AND METHODS

Animal Model

All experiments involving A'83PhLP-FLAG transgenic mice?®
were performed according to procedures approved by the
Animal Care and Use Committee of West Virginia University
and in adherence with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research.

Quantification of Proteins by Western Blotting

To detect A"83PhLP-FLAG, two retinas were homogenized in
0.2 mL of RIPA buffer (R0278; Sigma, St. Louis, MO, USA),
cellular insoluble parts were cleared by centrifugation, and
each supernatant was incubated with 20 pL of anti-FLAG M2-
Agarose beads (A2220, Sigma) for 1 hour at room temperature.
Beads were washed four times for 3 minutes with 1.0 mL of
buffer, and the captured 2"83PhLP-FLAG was eluted with 30 pL
of urea sample buffer containing 125 mM Tris/HCI, pH 6.8, 4%
SDS, 6 M urea, and bromophenol blue tracking dye. The levels
of BBS proteins were compared in the retinas of A!'S3PhLP-
FLAG ™/~ and A'®3PhLP-FLAG™ littermates at postnatal day 10
(P10) by quantitative Western blotting as previously de-
scribed.?® Quantification of the specific bands was performed
on an Odyssey Infrared Imaging System (LICOR Biosciences,
Lincoln, NE, USA).

Sedimentation Analysis of BBSome Complexes

BBSome complexes were detected by Western blotting
following fractionation of tissue extracts on a 10% to 40%
sucrose gradient by ultracentrifugation as previously de-
scribed.?® The analyses were performed using whole eyes
from A'S3PhLP-FLAG 7~ and A'"®3PhLP-FLAG™ littermates har-
vested at P10.

Microscopy Procedures

For light microscopy, sectioning and hematoxylin-eosin stain-
ing of ocular tissue was performed by Excaliber Pathology, Inc.
(Oklahoma City, OK, USA). Four-micron thick retinal cross-
sections were viewed using an Olympus AZ70 microscope
(Olympus, Center Valley, PA, USA) equipped with a digital
camera. For immunofluorescence microscopy, eyes were first
enucleated, and fixed for 10 minutes with Oculo Fix (BBC
Biochemical, Stanwood, Washington, USA). The anterior
portions of the fixed eyes were then removed, and the
eyecups were further fixed with Oculo Fix for 3 hours. Fixed
eyecups were then cryoprotected with 30% sucrose in 1X PBS
overnight. The eye cups were then transferred to a 1:1 Tissue
Freezing Medium (TFM; TBS Triangle Biomedical Sciences,
Inc., Durham, NC, USA) —30% sucrose solution for 2 hours, and
then embedded in TFM, and frozen. The frozen blocks were
then cut radially in 16-um sections on a Leica CM1850 Cryostat
(Buffalo Grove, IL, USA), and the sections stored at —20°C. Prior
to immunostaining, frozen sections were thawed at room
temperature for 10 minutes, hydrated in 1X PBS for 5 minutes,
and blocked with goat-serum containing 5% Triton X-100 for 30
minutes. Sections were first probed with primary antibody
against rhodopsin and peripherin/rds at a 1:1000 dilution
overnight, and then probed with Alexa Fluor 488 or 568
conjugated secondary antibody (Invitrogen/Life Technologies,
Grand Island, NY, USA) for 1 hour. The tissue sections were
also counter stained with 100ng/ml DAPI (4',6-Diamidine-2’-
phenylindol dihydrochloride; Roche, Indianapolis, IN, USA) for
rod nuclear staining. Images were acquired on a Zeiss LSM 510
Meta confocal microscope after adjusting the detector gain for
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all the fluorescent channels and the amplifier offset for
background corrections, and while keeping the amplifier gain
of the lasers to a minimum. Identical parameters were used
when comparing samples. For electron microscopy, whole
eyes were cleaned of extraneous tissue, and fixed overnight in
Karnovsky’s fixative containing 2% paraformaldehyde, 2.5%
glutaraldehyde, and 0.1 M phosphate buffer (pH 7.4; 15720;
Electron Microscopy Sciences, Hatfield, PA, USA). Whole eyes
were rinsed with 0.1 M phosphate buffer, and post-fixed in 2%
osmium tetroxide in distilled water for 1.5 hours. They were
then gradually dehydrated in increasing concentrations of
ethanol (25%-100%), transitioned in propylene oxide, and
embedded in tEpon (Tousimis, Rockville, MD, USA). Sections
were cut at 1 pm on a Leica UCT, examined, and the area for
ultrastructural analysis chosen. Thin sections were cut at 70
nm on the same ultramicrotome. Photoreceptor images were
acquired using a Philips CM-10 (Philips, Andover, MA, USA)
electron microscope equipped with an SIA digital camera (SIA
Scientific Instruments and Applications, Duluth, GA, USA).

Electroretinography

Mice were dark-adapted for 2 hours, and anesthetized with a
2% isoflurane/50% oxygen mixture. The animal’s pupils were
dilated with a mixture of 1.25% phenylephrine hydrochloride
and 0.5% tropicamide ophthalmic solutions for 20 minutes. A
disposable reference needle electrode (LKC Technologies,
Gaithersburg, MD, USA) was inserted under the loose skin
between the ears, and then custom-made silver wire electrodes
were positioned on the corneas. Ganzfeld flash ERG recording
was carried out in UTAS-E4000 Visual Electrodiagnostic Test
System using EMWIN 8.1.1 software (LKC Technologies)
according to the manufacturer’s protocols.

Tissue Culture

The RPEI-hTERT cell line, expressing the green fluorescent
protein (GFP)-BBS4 fusion construct (localization and purifica-
tion [LAP]-BBS4), was previously described.?® The cells were
maintained in Dulbecco’s Modified Eagle Medium: Nutrient
Mixture F-12 (DMEM/F-12 from ATCC) complete medium at
37°C, and supplemented with 10% (vol/vol) fetal bovine serum
(FBS), 100 U ml! penicillin, 100 pg ml~! streptomycin, 2.5 mM
L-glutamine, and 15 mM HEPES. For the transient expression of
ALSSPhLP-FLAG or phosducin,®' cells were plated in 6-well
plates, and grown to at least 50% confluency. The following
day, cells were transfected with 2 pg of total plasmid DNA
using FUGENE 6 Transfection reagent (Roche and Promega,
Madison, WI, USA) at a 6:1 FuGENE 6: plasmid DNA ratio.
Empty pTriEx 4 vector was used as control. Cells were
collected after 48 hours of transfection, dissolved in urea
sample buffer, and the protein expression was analyzed by
Western blotting using antibodies listed below. For the
immunofluorescence microscopy, we used the same proce-
dure with the exception that the cells were grown on
coverslips. To distinguish transfected and nontransfected cells,
pCITF2 vector expressing tdTomato, a gift from E. Tucker, West
Virginia University, was made from pCIG2 vector’? by
replacing the coding sequence of GFP with tdTomato (gift
from R. Tsien, University of California, San Diego, USA) and
also removing a stray Notl site from the tdTomato cassette. This
vector was added to each plasmid vector at a 1:1 ratio.
Following transfection, cells were fixed in 4% paraformalde-
hyde for 10 minutes, followed by chilled methanol for 5
minutes at —20°C, and blocked in 5.5% BSA in PBS. The LAP-
BBS4 signal was enhanced with anti-GFP antibody. Cell nuclei
were stained DAPIL Direct fluorescence of tdTomato was
detected at 568 nm. Images were collected using an Olympus
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Suppressing the CCT activity in mouse photoreceptors by phosducin-like protein short. (A) Whole-retina extract from 8-day-old mice were

analyzed by pull down with anti-FLAG agarose. A representative Western blot shows the amounts of captured 2183PhLP-FLAG, as visualized with antibody
against FLAG, in transgene-positive (A1S3PhLP-FLAG™) and control (*"$3PhLP-FLAG /") mice from the lines 1 to 3. Graph: protein bands in each
experiment were quantified and their values expressed as percent of the highest value found in line 3. Bars are SEM with n = 3, and P < 0.05 as
determined by paired #test. (B) Paraffin-embedded retina cross-sections were stained with hematoxylin and eosin to visualize its cellular composition at
the age P10 and P21. (C) Nuclei count across the outer nuclear layer (ONL) as a function of mouse age. Bars are SEM, n=06. OS, outer segments; IS, inner

segments.

fluorescence microscope or a Zeiss LSM 510 Meta confocal
microscope.

Antibodies

Proteins were detected using antibodies against FLAG (600-401-
383; Rockland, Gilbertsville, PA, USA), BBS1 (sc-134455; Santa
Cruz Biotechnology, Dallas, TX, USA), BBS2 (11188-2-AP;
Proteintech, Chicago, IL, USA), BBS4 (sc-67201; Santa Cruz

Biotechnology), BBS5 (14569-1-AP; Proteintech), BBS7 (18961-1-
AP; Proteintech), BBS8 (HPA003310; Sigma), BBS9 (14460-1-AP;
Proteintech), rhodopsin (sc-57432; Santa Cruz Biotechnology),
B-tubulin (T0198; Sigma), GFP (A11122; Invitrogen), and PDE 6
o (PA1-720; Thermo Scientific, Rockford, IL, USA). Antibody
against phosducin was previously described.?> Antibodies
against peripherin/rds were gifts from Kathleen Boesze-Batta-
glia, University of Pennsylvania (Philadelphia, PA, USA) and
Andrew Goldberg, Oakland University (Rochester, MI, USA).
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Ficure 2. Suppressing the CCT activity disrupts development of rod outer segments. Retinas from wild-type (left panel) and A'83PhLP-FLAG™
(right panel) littermates were analyzed by TEM at P10. OLM, outer limiting membrane.

RESULTS “short™), which forms a high-affinity complex with CCT,
leading to its inactivation.3! We used PhLPs as a tool to inhibit
Transgenic Expression of a Short Splice Isoform of the CCT activity in mice, which normally do not express this

Phosducin-Like Protein in Mouse Photoreceptors splice isoform.3! Phosducin-like proteins were expressed in

retinal photoreceptors under the control of a rhodopsin
Phosducin-like protein (PhLP) is a cofactor of the chaperonin promoter from a transgene designated as 4/-S3PHLP-FLAG,
CCT that mediates the folding of heterotrimeric G-protein 3 containing the same N-terminal deletion as PhLPs as well as a
subunits.3* Alternative splicing of the phosducin-like protein C-terminal epitope tag. Three transgenic lines (1-3) expressed
gene (PDCL) gives rise to an isoform designated PhLPs (for different levels of A1-83PhLP-FLAG, detectable already at P08

Investigative Ophthalmology & Visual Science
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Formation of membrane disks in healthy and affected rods. Ultrastructure of rod photoreceptor connecting cilium (*) and OS membrane disks (md) in wild-type and A!33PhLP-FLAG

littermates at P10.

FIGURE 3.
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Ficure 4. Targeting of proteins to the OS disks. Subcellular
localization of rhodopsin (red), peripherin/rds (green), and PDEG-o
(magenta) as determined by immunofluorescence microscopy in rod
photoreceptors at P10. Cell nuclei are visualized with DAPIL.

(Fig. 1A). All transgenic mice developed retinal degeneration,
which was particularly rapid and severe in lines 2 and 3, where
all photoreceptors in the retina were gone by P21 (Fig. 1B). In
general, the rate at which photoreceptor cells died directly
correlated with the amount of expressed A'-33PhLP-FLAG (Fig.
1C). Such dose-dependent cytotoxic effect of A'-83PhLP-FLAG
signifies the essence of the chaperonin activity for the viability
of rod photoreceptors. This animal model was used to
determine the specific effects of the CCT suppression on rod
morphology.

Suppression of CCT Disrupts Formation of Rod
Outer Segments
In lines 2 and 3, characterized by a higher degree of CCT

suppression due to a higher level of A'33PhLP-FLAG expres-
sion, the shortening of rod outer segments was noticeable

o

A 2183phipriaGT

Wild-type
—_— =

2

5
I

< 0.0
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already at P10 (Fig. 1B). A thorough examination of this
compartment’s ultrastructure at this age revealed that, in
contrast to normal rods, the CCT-deficient rods had no outer
segments (Fig. 2). Instead, in immediate vicinity to the
connecting cilia, whose overall morphology appeared to be
normal, we observed aggregates of membranes strongly
resembling outer segment disks with their very characteristic
flat shape (Fig. 3). Furthermore, the subcellular localization of
two integral membrane proteins, rhodopsin and peripherin/
rds, and a peripheral membrane protein, phosphodiesterase
(PDEG), which are all normally targeted to disks, was
consistent with these proteins being accumulated in these
membrane aggregates (Fig. 4). In our previous studies of lines 2
and 3 we determined that the affected rods expressed 3- to 10-
fold less of each of these proteins.?® Based on these
observations we concluded that these membranes likely
represent disks formed in the rods under conditions when
these cells were unable to extend their outer segment
compartments. As a result, these disks formed what appear
to be extracellular aggregates, engulfed by retinal pigment
epithelium, and actively destroyed by phagocytosis. The inner
segments of the affected rods were also visibly reduced in
length (Fig. 2). In line 1, expressing less 21'83PhLP-FLAG, the
rod outer segments developed, however, they were shorter in
length at P21 (Fig. 1B). Thus, suppressing the chaperonin
activity in rod photoreceptors crucially affected their ability to
build their outer segment compartments.

The Role of CCT in Posttranslational Processing of
Bardet-Biedl Syndrome Proteins

Having observed the disruption of the photoreceptor’s
sensory cilia, we used our animal model to test whether
suppressing CCT affected the BBSome complex implicated in
cilia trafficking. For that, we compared the levels of six
Bardet-Biedl Syndrome proteins (BBS1, -2, 4, -5, -7, -9) that
form the BBSome, in the retinas of CCT-deficient and healthy
10-day-old littermates (Fig. 5). Three of them, including BBS2,
BBS5, and BBS7, were significantly reduced in CCT-deficient
retinas, while the levels of BBS1, BBS4, and BBS9 remained
healthy. Because these BBS proteins are expressed in all
retinal cells, and photoreceptor cells comprise only approx-
imately one-half of the retina, the actual extent of this
reduction would be underestimated. Noteworthy, the reduc-
tion of these proteins likely occurred on a posttranslational
level, as we found no evidence of a downregulation of their
transcripts in the previous study.?!
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Ficure 5. Reduced levels of BBS proteins in the CCT-deficient rods. (A) A representative Western blot showing the levels of indicated BBS proteins
in the whole-retina extracts of wild-type and 21-83PhLP-FLAG™ littermates at P10. (B) The fluorescence value of each specific band of a A1-83PhLP-
FLAG™ mouse was normalized to that in a wild-type mouse, SEM, n =4, P < 0.01 as determined by paired #test (**).
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Ficure 6. An incomplete BBSome complex is assembled in the CCT-
deficient rods. Whole-eye extracts from A!-83PhLP-FLAG 7~ and
A-83ph P-FLAG™ littermates at P10 were fractionated by ultracentri-
fugation on a 10% to 40% sucrose gradient calibrated using
sedimentation (S) coefficient standards. Collected fractions were
analyzed by Western blotting using specific antibodies against the
indicated BBS proteins. A mature BBSome contains BBS1, -2, 4, -5, -7,
-8, and -9 and migrates as a 14S complex (A); an incomplete BBSome
contains BBS1, -4, -8, -9, and migrates as a 9S complex (A).

CCT is Required for the Assembly of the BBSome in
Rod Photoreceptors

To monitor the assembly of the BBSome in ocular tissues,
whole-eye homogenates were analyzed by 10% to 40% sucrose
density gradient ultracentrifugation coupled to Western blot
analysis. In a good agreement with previous studies using the
same technique,?*3° the BBSome migrated as an approximately
14S complex, composed of BBS1, BBS2, BBS4, BBS5, BBS7,
BBSS8, and BBS9 subunits, which predominantly appeared in
fraction #11 (Fig. 6). As expected, the 14S complex was
present in both, A83PhLP-FLAG ™~ and A"*3PhLP-FLAG™ mice.

A Transfection C

1 2 3
Empty vector  + — -
MEBPhLP-FLAG — + -
Phosducin - — +

Td tomato  + + +

B Cell extract
Western blot 1 2 "

B-tubulin I S ]
ssphLP-FLAG [ e
Phosducin

FIGURE 7.
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Importantly, an additional approximately 9S complex contain-
ing BBS1, BBS4, BBS8, and BBS9 subunits could always be
detected in transgene-positive mice from lines 2 and 3 (Fig. 6).
Because the 9S complex specifically lacked BBS2, BBS5, and
BBS7 proteins, which were missing in the CCT-deficient rods
(Fig. 5), it likely represented a partial BBSome complex
assembled in these cells. Detection of the 9S complex provides
the first demonstration of the assembly of an incomplete and
presumably inactive BBSome in rod photoreceptors with
suppressed chaperonin CCT activity in vivo.

To test this conclusion by a complementary technique, we
attempted to monitor the BBSome directly by confocal
microscopy. Unfortunately, this approach was unsuccessful
when applied for mouse retinas. This prompted us to exploit
an alternative cell culture model, human hTERT RPE1 cells
stably expressing GFP-labeled BBS4 subunits of the BBSome.
The CCT complex in human cell lines could be efficiently
sequestered by overexpressing mouse A!-83PhLP-FLAG.3!
Phosducin, a close homolog of phosducin-like protein that
doesn’t interact with CCT, was used as a negative control, and
tdTomato was used as a red fluorescent marker to identify the
transfected cells (Figs. 7A, 7B). After immuno-enhancement
with anti-GFP antibodies, the subcellular localization of GFP-
BBS4 corresponding to the centrosome and centriolar satellites
of the primary cilia'®23-35> was clearly visible in the cells (Fig.
70C). In response to the suppression of CCT by A!-83PhLP-FLAG,
the number of cells with the specific GFP-BBS4 signal became
significantly reduced compared to the control cells transfected
with empty expression vector or expressing phosducin (Fig.
7D). This effect is consistent with GFP-BBS4 changing its
subcellular localization in response to the suppression of CCT.
A plausible explanation for such an effect would be underlying
changes with the BBSome. Combined these data provide
strong experimental evidence that the chaperonin CCT plays
an essential role in the expression and assembly of the
BBSome.

Analysis of Rod Outer Segment Visual Function in
Transgenic Line 1

Transgenic mice from line 1, which express lower levels of
AL-83phI P-FLAG, and therefore display less severe retinal
degeneration (Fig. 1), were suitable for the assessment of rod
visual function by ERG. Soon after weaning, the rod ERG

D
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Cells with GFP-BBS4,

Bardet-Biedl syndrome protein 4 becomes mislocalized in ciliated cells in response to the CCT suppression. (A) Transfection protocol

for transient expression of A1-83PhLP-FLAG and phosducin in RPEI-hTERT cells. (B) Representative Western blotting showing the expression of the
indicated proteins. (C) RPE1-hTERT cells stably expressing GFP-BBS4 fusion protein were cotransfected with empty- and tdTomato vectors. GFP-
BBS4 was immuno-enhanced with antibody against GFP (green), cell nuclei were visualized with DAPI (blue), transfected cells are distinguished
from nontransfected cells by the presence of tdTomato fluorescence (red). (D) A number of cells with GFP-BBS4 was determined and expressed as a
fraction of all transfected (red) cells. Such fraction in the cells expressing 2!"83PhLP-FLAG and phosducin was normalized to that found in the
control cells treated with empty vector. Error bars are SEM, n = 700, P = 0.008, as determined by paired #test (***).
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Ficure 8. Characterization of visual function, photoreceptor morphology, and protein expression in 21-day-old mice from transgenic line 1. (A)
Representative ERG responses to 0.00025, 0.025, and 0.1577 cd s~! m? flashes (—40, —20, and —12 dB). (B) The a-wave amplitude as a function of
flash intensity in 21-83PhLP-FLAG™ (white circles) and wild-type (black circles); SEM, n =06, P < 0.05 (), P < 0.01 (**), P < 0.001 (***) as determined
by ttest. (C) Paraffin-embedded retina cross-sections were stained with hematoxylin and eosin to visualize their cellular composition. (D)
Subcellular localization of rhodopsin (red) and peripherin/rds (green) as determined by immunofluorescence microscopy. Cell nuclei are stained
with DAPL (E) Levels of the indicated proteins determined by Western blotting of whole retina extracts of 2'-83PhLP-FLAG™ mice were normalized
to the corresponding values of wild-type mice. Error bars represent SEM, n =3 (rthodopsin), n = 6 (peripherin/rds), n =4 (BBS), P < 0.05 (), P <

0.01 (™), and P < 0.001 (***) as determined by paired #test.

responses of these mice showed markedly reduced a-wave
amplitude (Figs. 8A, 8B). At this age, the count of rod nuclei in
the outer nuclear layer of the retina was reduced by 30% to
40%, and surviving rod cells had approximately 50% shorter
outer segments than wild-type (Fig. 8C). The analysis of the
subcellular distribution of two outer segment markers,
rhodopsin and peripherin/rds, by immunofluorescence mi-
croscopy revealed a profound mislocalization of rhodopsin, but
not peripherin/rds (Fig. 8D). The overall level of rhodopsin in
the A1-83PhLP-FLAG-expressing retinas was reduced by 37 *
3% (SEM, n = 3), which is generally consistent with the
observed extent of photoreceptor loss at this age (Fig. 8C), and
suggests that the level of rhodopsin in the affected rods

remained normal (Fig. 8E). This was further supported by the
statistically significant (P < 0.02 compared with rhodopsin),
and stronger reduction of peripherin/rds by 56 = 4% (SEM, n =
6), which was observed in the same retinal preparations (Fig.
8E). Combined, these data support the notion that the
mislocalization of rhodopsin in the A1-83PhLP-FLAG-expressing
rods was secondary to the shortening of their outer segments,
which were no longer capable of accommodating this protein.
That, however, was not the case for peripherin/rds, whose
expression was downregulated more proportionately to the
outer segment reduction. Most intriguingly, we found the
levels of BBS2, BBS5, and BBS7 proteins in the retinas of adult
mice from line 1 to be reduced essentially the same as in the
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10-day-old mice from lines 2 and 3 (compare Figs. 8E and 5).
This important observation signifies a common mechanism,
whereby a short splice isoform of PhLP targets BBSome-assisted
ciliary trafficking in our transgenic models and perhaps in vivo.

DiIscuUSSION

This study demonstrates the role of the cytosolic chaperonin
CCT in the biogenesis of the BBSome in vivo. Using mouse rod
photoreceptors as a model, we found that suppressing the
chaperonin activity in these cells by overexpressing epitope-
tagged phosducin-like protein short (A'-83PhLP-FLAG) leads to
a significant reduction in the levels of three subunits of the
BBSome, including BBS2, -5, and -7. The structural and physical
features of these soluble proteins, with the predicted (-
propeller (BBS2 and BBS7) and plekstrin homology (BBS5)
domains,?® are common among the bona fide CCT substrates,
all of which are soluble proteins, often containing complex
domain topology and WD-repeat domains that fold into a f-
propeller structure.3-%3¢ It is plausible that BBS2, BBS5, and
BBS7 are substrate proteins of CCT, since CCT suppression
results in posttranslational destabilization of these proteins.
Because BBS2 and BBS7 are the components of the core
complex (BBS2-BBS7-BBS9) initiating the assembly of the
BBSome,?? their simultaneous decrease in rods would be
expected to have a strong impact on the BBSome. This was
recently demonstrated using BBS7-null mice, which were
found to be incapable of completing BBSome assembly in
testis and kidney.>” The same study also revealed a rather
specific interdependence of BBS2 and BBS7 for posttransla-
tional stability, indicating that BBS7-null mice also have
reduced levels of BBS2 and vice versa. Therefore, destabiliza-
tion of only one of these two proteins in the photoreceptors
would already be sufficient to cause the observed phenotype.
It would be of interest to test whether the partial 9S BBSome
complex observed in our mouse model could also be detected
in various tissues of BBS7-null mice.

The important question remains whether a concurrent
decline of BBS2, BBS5, and BBS7 proteins, and arguably
inactivation of the BBSome, could alone account for the severe
defects of the rod outer segment observed in our mouse
model. In support of this notion, BBS7-null mice exhibit a
degeneration of the outer and inner segments of the
photoreceptors, and have abnormal cilia and flagella.3” While
the precise functions of the BBSome are not completely
understood, the current understanding is that this complex is
engaged in trafficking on the ciliary membrane.'®-2° Thus,
inactivation of the BBSome in rod photoreceptors could
potentially halt movement of the membrane precursors along
the connecting cilium. Consistent with such a mechanism, the
affected rods in our animal model were unable to envelop their
growing outer segment with plasma membrane. Surprisingly,
though, these cells retained the ability to form the outer
segment membrane disks. This observation further supports
the notion that the formation of disks in the rod outer segment
occurs via a mechanism that may be independent of ciliary
plasma membrane trafficking and therefore insensitive to
disruption of the BBSome. Such a mechanism may involve,
for example, a direct fusion of precursor membrane carriers,
already preassembled with the specific proteins, into a
growing nascent disk.383

Recently, it was demonstrated that PhLP-null photorecep-
tors retain their outer segments for a significant period of
time.%® This supports a notion that none of the CCT substrates
folded with the direct assistance of PhLP, whose levels become
significantly reduced in the PhLP-null photoreceptors, are
essential for outer segment biogenesis. All of these proteins
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were also found to be significantly reduced in the photore-
ceptors of the PhLPs-expressing transgenic mice used in the
present study.?®31 However, due to the broader nature of the
CCT suppression by the dominant-negative PhLPs, additional
proteins become affected in this animal model, including those
essential for outer segment biogenesis. It should be mentioned
that in this, as well as our previous studies,?®3! the
suppression CCT by PhLPs didn’t seem to have a significant
impact on cytoskeletal proteins, actin and tubulin, known to
be processed by CCT. This rather surprising observation thus
makes it unlikely that destabilization of the cytoskeleton
underlies the photoreceptor outer segments collapse. It is also
consistent with the notion that CCT particles engaged in the
folding of actin and tubulin are not available to interact with
PhLPs, which predominantly targets CCT preloaded with
nascent G protein B subunits.>! Therefore, the high levels of
actin and tubulin expression in the cell may keep this
biosynthetic pathway protected from suppression by PhLPs.

Our preliminary studies of transgenic line 1 suggest that
even low amounts of PhLPs exhort a significant biological
effect on the rod sensory cilium. Owing to the fact that rod
photoreceptors in line 1 express approximately 10-fold less
PhLPs than in lines 2 and 3, these cells don’t display the same
signs of acute CCT-deficiency, and many of them survive well
into adulthood. Because these rods retain their outer segments,
while being BBS2, -5, and -7 deficient, the severe phenotypes
observed in the other two lines could not be solely attributed
to deregulation of the BBSome, and was likely exacerbated by
other contributing factors. Nevertheless, the physiological
assessment of rods’ visual function in line 1 reveals profound
changes in the ERG a-wave that could not be fully reconciled in
light of the observed anatomic alteration of the retina, but do
indicate a significant deregulation of the phototransduction
cascade. Importantly, using this line, we further confirmed that
one of the specific effects of PhLPs is directed against the cilia
gating complex, the BBSome, which thus makes it plausible
that PhLPs interferes with the trafficking of phototransduction
proteins through the cilium. The underlying molecular
mechanisms remain the topic of future studies.
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